Binary star systems are important for understanding stellar structure and evolution, and are especially useful when oscillations can be detected and analysed with asteroseismology. However, only four systems are known in which solar-like oscillations are detected in both components. Here, we analyse the fifth such system, HD 176465, which was observed by Kepler. We carefully analysed the system's power spectrum to measure individual mode frequencies, adapting our methods where necessary to accommodate the fact that both stars oscillate in a similar frequency range. We also modelled the two stars independently by fitting stellar models to the frequencies and complementary parameters. We are able to cleanly separate the oscillation modes in both systems. The stellar models produce compatible ages and initial compositions for the stars, as is expected from their common and contemporaneous origin. Combining the individual ages, the system is about 3.0 ± 0.5 Gyr old. The two components of HD 176465 are young physicallysimilar oscillating solar analogues, the first such system to be found, and provide important constraints for stellar evolution and asteroseismology.
Introduction
Observations of binary stars have been critical in advancing our knowledge of stellar structure and evolution. The shared formation history of stars in these systems results in their having the same initial chemical composition and age. Additionally, the dynamics of the system can reveal the component masses, and their radii if they eclipse.
Studies of binary stars can be further enhanced by asteroseismic measurements. Asteroseismology of solar-like stars is rapidly proving its effectiveness at characterising stars, driven by the successes of the CoRoT and Kepler space telescopes (Michel et al. 2008; Gilliland et al. 2010a; Chaplin et al. 2011) . However, few binary systems have solar-like oscillations detected in both components. Three systems exist in which the two components have been observed separately: α Cen A (e.g Bouchy & Carrier 2002; Bedding et al. 2004; Fletcher et al. 2006; Bazot et al. 2007) , and B (Carrier & Bourban 2003; Kjeldsen et al. 2005) , 16 Cyg A and B (KIC 12069424 and KIC 12069449; Metcalfe et al. 2012 Metcalfe et al. , 2015 Davies et al. 2015) , and HD 176071 (KIC 9139151 and KIC 9139163; Appourchaux et al. 2012 ). Additionally, oscillations in both components of HD 177412 (HIP 93511) have been measured while observed as a single Kepler target, KIC 7510397 (Appourchaux et al. 2015) .
More commonly, oscillations have been detected in one member of a binary system (e.g. Mathur et al. 2013) , particularly amongst the many red giants that have been observed (e.g. Hekker et al. 2010b; Frandsen et al. 2013; Gaulme et al. 2013 Gaulme et al. , 2014 Beck et al. 2014; Rawls et al. 2016 ). In addition, KIC 4471379 (Murphy et al. 2014 ) is a binary in which both components are δ Scuti pulsators, while KIC 10080943 (Schmid et al. 2015; Keen et al. 2015) has two γ Doradus/δ Scuti hybrids.
Kepler has detected oscillations in hundreds of Sun-like stars (Chaplin et al. 2011 . With an estimated 60% of stars thought to be multiple systems, it might be expected that Kepler will have observed many unresolved binary systems, some of which should exhibit oscillations in both components. However, Miglio et al. (2014) used population synthesis models to predict that such systems are rare due to the requirement that both stars have oscillations with similar amplitudes in order to be detected. For this, they must have similar luminosity-to-mass ratios (Kjeldsen & Bedding 1995) . Despite this, HD 177412 contains unequal components. The primary star of this system is ∼2.25 times more luminous than the secondary, and the ranges in which their oscillation modes are excited are well-separated in frequency (Appourchaux et al. 2015) . In this case, the system was sufficiently bright (V = 7.9 mag) that the oscillation modes of the secondary star could still be detected.
In this paper we report on another asteroseismic binary showing solar-like oscillations in both components. It corresponds to the previously-known binary HD 176465, which has been observed as a single Kepler target, KIC 10124866 1 . HD 176465 was identified as a visual binary from 1902 observations as part of the Astrographic Catalogue (Urban et al. 1998) , and has since been observed on multiple occasions (Mason et al. 2001) . With a Tycho visual magnitude of 8.537, the primary, HD 176465 A is only ∼1.2 times more luminous than HD 176465 B (V T = 8.674 mag), in line with the expectations of Miglio et al. (2014) . Due to the similarity of the stars, their oscillation modes are excited at similar frequencies, complicating their analysis. In this paper we present the determination of the oscillation mode parameters and detailed asteroseismic models of both HD 176465 A and B.
Observations
HD 176465 was observed by the Kepler space telescope in shortcadence mode (SC; 58.85 s sampling) for 30 days during the asteroseismic survey phase (20 Jul 2009 to 19 Aug 2009 , and continuously after the end of the survey (37 months, Q5-Q17). Additionally, the system was observed in the long-cadence mode (LC; 29.43 min sampling) for the entire nominal mission (4 years, Q0-Q17), although this sampling is not rapid enough to sample frequencies of the solar-like oscillations, which are well Two peaks in the autocorrelation function are visible, corresponding to the primary and secondary components of HD 176465 (red and blue crosses, respectively). The solid line shows the mean observed relation between ∆ν and ν max ), while the dashed lines are 0.7 and 1.3 times this value. The collapsed autocorrelation function (ACF) along each axis are shown in black in the lower and right panels, with the peaks indicated by red and blue lines. The red and blue curves in the lower panel show the collapsed ACF with spacings around 147 and 155 µHz, respectively. above the LC Nyquist frequency. The SC time series were prepared from the raw observations as described by Jenkins et al. (2010) and further corrected to remove outliers and jumps as described by García et al. (2011) . Figure 1 shows the smoothed power spectrum of the short-cadence time series.
The signature of solar-like oscillations is a broad, Gaussianlike hump of power comprised of approximately equally-spaced modes. The frequency of maximum oscillation power is denoted ν max , and the oscillation frequencies are well approximated by the asymptotic relation (Vandakurov 1967; Tassoul 1980; Gough 1986) 
where ∆ν, called the large separation, is the spacing between modes of the same spherical degree l and consecutive radial orders n, δν 0l is the small separation between modes of different degree, and is a dimensionless phase offset. The presence of solar-like oscillations in both stars is clear in Fig. 1 . Oscillations were detected in the survey data (Q2.2), and the global oscillation parameters ∆ν and ν max were extracted using several automated pipelines ChristensenDalsgaard et al. 2008; Hekker et al. 2010a; Huber et al. 2009; Karoff et al. 2010; Mathur et al. 2010; Mosser & Appourchaux 2009; Roxburgh 2009 ). Inspection of the autocorrelation function of the power spectrum, shown in Fig. 2 , reveals a strong peak that corresponds to the higher-amplitude oscillations of HD 176475 A. While most pipelines were able to make this detection, as they were programmed to seek oscillations from a single star, the presence of a second set of oscillations in the time series was missed.
The realization that the oscillations of this second star were present in the Kepler timeseries was made by a manual inspection of the échelle diagram. Figure 3 (left) shows the power spectrum in échelle format with a large separation corresponding to that of the primary, ∆ν = 146.8 µHz. Fig. 1 . Power spectrum of HD 176465, smoothed by a box-car filter over 0.5 µHz (grey) and 2 µHz (black). Superimposed is the best fit of HD 176465A (red) and HD 176465B (blue). The inset shows the power spectrum over a wider range. The peak at 4531 µHz is an artifact (see Fig. 3 ).
Near-vertical ridges in the échelle diagram (red symbols) correspond to modes of various radial orders, n, and the same spherical degree, l. The closely spaced l = 2, 0 ridges and the l = 1 ridges are clearly visible, from left to right. We also see other modes that do not fall along vertical ridges in this échelle diagram, but instead form sloping ridges (blue symbols).
A diagonal ridge in an échelle diagram means that the large separation is incorrect for those modes. In this case, the value of ∆ν is too small but for a larger value, these ridges will become shows the échelle diagram with ∆ν = 155.4 µHz. The ridges that were diagonal in Fig. 3 (left) have now become vertical, and the formerly vertical ridges are now diagonal, but sloping downwards.
Since the large separation approximately scales with the square root of the mean stellar density (Ulrich 1986) , the existence of two distinct values of ∆ν indicate the presence of two distinct stars. We can be confident that the oscillations with ∆ν = 146.8 µHz are those of HD 176465 A, and oscillations with ∆ν = 155.4 µHz are those of HD 176465 B because, for a given age, more massive stars have a lower mean density (ChristensenDalsgaard 1984) .
Methods to measure the mode parameters
Extracting accurate mode parameters is an important step required before modelling a star. The most common method is the Maximum Likelihood Estimator (MLE) approach (Anderson et al. 1990 ), which has been extensively used to analyse the low-degree global acoustic oscillations of the Sun (e.g. Chaplin et al. 1996) . For solar-like oscillations, the noise statistics for the power spectral density y i at a given frequency ν i is a χ 2 with two degrees of freedom so that the likelihood is
Here, M(ν i , θ) is the model used to describe the data set {ν i , y i } and θ are the parameters of that model. The model of the power spectrum has two components. Firstly, the noise background is comprised of a sum of quasi-Lorentzian functions whose parametrization may vary (Harvey 1985; Karoff 2012 ) plus a flat white noise level. Secondly, the acoustic p modes are described as a series of Lorentzian profiles, with frequencies, heights, and linewidths to be determined. The MLE approach is well-suited to cases where the likelihood function has a well-defined single maximum, so that convergence towards an unbiased measure of the fitted parameters is ensured (Appourchaux et al. 1998 ). In the case of the Sun, this is often the case, mostly because of the very high signalto-noise of the pulsation modes. However, stellar pulsations often have much lower signal-to-noise ratios, so that the likelihood may have several local maxima. In such a case, MLE methods may not converge towards the true absolute maximum of probability.
A Bayesian approach was proposed to tackle this problem (Benomar et al. 2009a,b; Corsaro & De Ridder 2014) . The Bayesian approach uses conditional probabilities and involves Bayes' theorem to define a so-called posterior distribution π(θ, y|M). This statistical criterion incorporates not only the likelihood L ≡ π(y|θ, M), but also the a priori information π(θ|M) on the fitted parameters,
Article number, page 3 of 16 A&A proofs: manuscript no. hd176465 circles are l = 0 modes, triangles are l = 1 modes, and squares are l = 2 modes. For reference, a greyscale map of the smoothed power spectrum is shown in the background. Numbers to the right of the plot indicate radial order of the l = 0 modes. To make the location of modes near the edge of the échelle diagrams clearer, the diagrams have been extended in width beyond the value of the large separation, which is indicated by the dashed vertical lines. The peak at 4531 µHz is the 8th harmonic of the Kepler long-cadence sampling rate, which is a known artifact (Gilliland et al. 2010b ).
Here, π(y|M) corresponds to the global likelihood, linked to the posterior probability of the model given the data,
which is the probability that a model M is consistent with observations y. This is an essential quantity for comparing competing models, since it defines the level of evidence supporting each one of the models. In its most sophisticated and useful form, the Bayesian method uses a sampling algorithm, such as the Markov Chain Monte Carlo (MCMC) sampler. This is actually crucial to calculating the global likelihood 2 . By exploring the full extent of the posterior distribution (within the bounds defined by the priors), one can determine the full probability distribution of each of the parameters. Although it is significantly more computationally intensive than the MLE, this approach is less sensitive to the potential local maxima, because they are all sampled 3 . Note that the Bayesian method does not necessarily involve a sampling method. In its less sophisticated form, a simple maximisation (in contrast to a full sampling) of the posterior probability is performed. This is the Maximum A Posteriori (MAP) approach. This regularized maximization, in principle, outperforms the MLE in the case of informative priors, but could still be sensitive to local maxima of probability and does not enable the calculation of the evidence.
Mode Parameters
In contrast to the binary star system HD 177412 (Appourchaux et al. 2015) , the extraction of mode parameters from the power spectrum of HD 176465 is complicated by the overlapping frequencies of the two stars. While we have followed the fitting strategy used in previous analyses of single stars (e.g. Campante et al. 2011; Mathur et al. 2011 Mathur et al. , 2013 Appourchaux et al. 2012) , extra care was required to ensure a correct fit of the power spectrum.
Initial values for the mode frequencies were obtained by scaling the solar p-mode frequencies measured by BiSON (Broomhall et al. 2009 ). The solar frequencies were scaled by the ratio of the large separations of HD 176465 to the Sun (Bedding & Kjeldsen 2010). To account for the different values of the small separations δν 0l and phase offset in these stars compared to the Sun, uniform shifts were then applied to all modes of the same degree so that the scaled and shifted solar frequencies corresponded to the observed peaks in the power spectrum of HD 176465.
Several teams then used these estimates as inputs to perform a comprehensive fit of the power spectrum, including the background, for both stars simultaneously. The power spectrum of each star was modelled as a sum of Lorentzian profiles, with frequencies ν n,l , heights H and linewidths Γ as free parameters. Additionally, some teams also included the effect of rotation, with the rotational splitting frequency ν s and inclination of the stellar rotation axis i as additional free parameters.
The teams differed in how they approached finding the best fit, with some using MLE (e.g. Appourchaux et al. 1998) , others using the MAP method (e.g. Gaulme et al. 2009 ), or the MCMC method (e.g. Benomar 2008 ).
To identify a single set of mode parameters to be adopted in our analysis, the frequencies reported by each team were compared to find the "best" fitter that provided the smallest deviation from the average frequencies across the power spectrum. Statistical outlier rejection was performed using Peirce's criterion (Peirce 1852; Gould 1855) , as previously used in the analysis of other Kepler targets Mathur et al. 2011; Appourchaux et al. 2012) . Care was required where the frequencies of the two stars overlapped to ensure that the modes were identified with the correct star.
The "best" fitter, which used a Bayesian approach coupled with a MCMC algorithm, then performed a final analysis of the power spectrum. The two stars were fitted simultaneously in order to separate their overlapping stellar pulsations (see Fig. 1 ). A local fit was then performed to determine the probability of detection for each pulsation mode. A thorough description of the method and of the priors is given in Appendix A.
The fitted mode parameters are given in Table 4 for HD 176465 A and Table 5 for HD 176465 B. The fitted frequencies are shown in the échelle diagrams in Fig. 3 . We show in Fig. 4 the residual power spectrum after removing the signal from HD 176465 A (middle panel) and from both stars (bottom panel). The lack of significant residual power indicates the precision of this fit.
Mode heights are shown in Fig. 5 and linewidths in Fig. 6 . Figure 7 shows the mode amplitudes, defined as √ πHΓ. The mode heights and amplitudes are lower than would be the case if these stars were observed separately because the oscillation signals are diluted by the presence of the other star. For the A component, the heights and amplitudes are lower by a factor of 1.8; for the B component, they are lower by a factor of 2.2.
In Fig. 6 , we note that both stars have a width profile similar to the Sun, with a plateau of nearly constant linewidths around ν max . As a comparison, we have computed theoretical linewidths for the best-fitting models determined using the AST-FIT method we present in Sect. 6. The theoretical linewidths are calculated as described by Balmforth (1992) and Houdek et al. (1999) , and are shown as the solid curve in Fig. 6 . In general, there is good qualitative agreement between the observed and theoretical linewidths. In HD 176465 B, however, the observed linewidth drops off sharply below ∼3200 µHz. As a likely explanation, we note that Appourchaux et al. (2014) found widths and heights may not be accurate for low signal-to-noise modes and the Lorentzian tails of the nearby modes from the primary component may have biased the noise estimate.
The results for the inclination angles and rotational splittings are given in Fig. 8 . The A component of the system has an internal average rotation period of 17.5-22.3 d and has a stellar inclination of 45.2
• -59.7
• (using confidence intervals at 1σ). The B component rotation period is 16.3-19.6 d with an inclination of 44.1
• -57.9
• . Within uncertainties, the two components therefore have the same inclination.
Non-Seismic Stellar Parameters

Orbit
Position measurements in the Washington Double Star Catalog date back to 1902 (Mason et al. 2001) . Over the last century the position angle of the binary has changed by 40
• , indicating a period on the order of 1000 years. The position of the secondary relative to the primary is shown in Fig. 9 . Unfortunately, an insufficient fraction of the orbit has been covered to constrain the total mass. Currently the stars are separated by ∼1.4". 
Spectroscopy
A spectrum of HD 176465 was obtained on 01 Apr 2010 with the ESPaDOnS spectrograph on the 3.6 m CanadaFrance-Hawaii Telescope. The spectrograph is fibre-fed, and light from both stars is expected to have fallen within the fibre footprint. The stars are very similar in temperature and metallicity, and so, unless the system is double-lined, distinguishing both stars in the same spectra would be difficult. The spectrum has been analysed as a single star by Bruntt et al. (2012) and Molenda-Żakowicz et al. (2013) In order to obtain separate constraints on T eff and log g for the two components, we consider other, non-spectroscopic observations of the stars. We adopt the metallicity measurement of [Fe/H]= −0.30±0.06 dex by Bruntt et al. (2012) for both components. We expect both stars would have had the same initial composition because they would have formed at the same time from the same gas cloud. Effects such as gravitational settling could have subsequently led to different surface metallicities; however, because the stars have a similar mass, we consider these effects to be negligible.
Deriving individual T eff and log g
We have separate photometric and asteroseismic measurements of each component with which we can obtain separate constraints for each star. Separate magnitudes for each star are provided in the Hipparcos (Perryman et al. 1997 ) and Tycho-2 (Høg et al. 2000) catalogues, and are listed in Table 1 .
From the apparent magnitudes and revised Hipparcos parallax (van Leeuwen 2007), the absolute magnitude can be determined. Using a bolometric correction, the absolute magnitude can be used to find the stellar luminosity. Since L ∝ R 2 T 4 eff , we only require the radius of the star to determine the effective temperature. This final ingredient is provided by the asteroseismic scaling relation for radius, Data points between the lower/higher red-dashed lines have 95% probability to be due to noise for the black power spectrum.
Combined with the luminosity, we then have,
Bolometric corrections have been computed in the Hipparcos bandpass (Bessell 2000) using the Castelli models discussed by Bessell et al. (1998) . The H p-band bolometric corrections were determined by interpolating the model grid to the measured value of B T − V T , and the assumed spectroscopic values of [Fe/H] and log g. This bolometric correction was then applied to the absolute H p-band magnitude to determine the bolometric magnitude of the stars, and thus the luminosity.
Values of the asteroseismic parameters were measured from the Kepler data. Usual methods of determining ν max , such as heavily smoothing the power spectrum and fitting a Gaussian function, could not be applied in this case. This is due to the frequencies of both stars existing within the same range. Instead we have used the results of the peak-bagging to separate the frequencies from each star and fitted a Gaussian function to the mode amplitudes. The large separations, ∆ν, were derived from a linear least-squares fit to the l=0 frequencies. The measured asteroseismic parameters for each star are listed in Table 1 . Equation (6) was then used to provide a first estimate of T eff . The bolometric correction was based on the value of log g from spectroscopy. The measurement of log g for each star was then improved using the asteroseismic scaling relation for the frequency of maximum power (Brown et al. 1991; Kjeldsen & Bedding 1995; Belkacem et al. 2011) ,
where ν ac is the acoustic cut-off frequency, c is the sound speed, H = − (d ln ρ/dr) −1 is the density scale height. We iterated several times, redetermining the bolometric correction for the new values of log g to find updated values of T eff until the values became stable.
Uncertainties in T eff and log g were determined through Monte Carlo simulations, assuming Gaussian uncertainties in all input parameters. The derived quantities are included in Table 1 , and are consistent with the spectroscopic values determined for the combined system.
Modelling
We have used four different modelling approaches to determine the properties of HD 176465 A and B using the measured oscillation frequencies determined in Sect. 4 and the non-seismic parameters determined in Sect. 5. Following Davies et al. (2014) , (Houdek et al. 1999; Houdek et al., in preparation) computed from the ASTFIT models discussed in Sect. 6. Article number, page 7 of 16 A&A proofs: manuscript no. hd176465 we corrected the frequencies for the line-of-sight Doppler velocity of the system (−30.5±0.4 km s −1 ; Gontcharov 2006). Although the relative Doppler velocities of the two components is unknown, it cannot be larger than the value of v sin i determined from their combined spectra when analysed as a single star (3.0 km s −1 ; Bruntt et al. 2012 ), which we have taken into account when determining the uncertainties of the corrected frequencies. The radial-velocity-corrected frequencies are provided alongside the other mode properties in Tables 4 and 5 .
Since each modelling method varies in input physics, evolutionary and pulsation code, and minimization technique, the variety of methods we employed provides an indication of the systematic uncertainty in the determined parameters. The four methods were the Asteroseismic Modeling Portal (AMP), the astec Fitting (ASTFIT) method, the Bayesian Stellar Algorithm (BASTA), and modelling with the Modules for Experiments in Stellar Astrophysics (mesa) code.
The AMP, originally introduced by Metcalfe et al. (2009) , uses a parallel genetic algorithm (Metcalfe & Charbonneau 2003) to optimize the match between a set of observations and models produced by the Aarhus stellar evolution and pulsation codes (astec and adipls; Christensen-Dalsgaard 2008a,b). The AMP code has been in continuous development (Mathur et al. 2012; Metcalfe et al. 2014 Metcalfe et al. , 2015 , and here we use the most recent version (Creevey et al., submitted to A&A). The models use the Grevesse & Sauval (1998) (Rogers & Nayfonov 2002) , OPAL opacities at high temperatures (Iglesias & Rogers 1996) supplemented with those of Ferguson et al. (2005) at low temperatures, and NACRE nuclear reaction rates (Angulo et al. 1999 (Angulo et al. , 2005 .
The ASTFIT and BASTA methods are both described by Silva Aguirre et al. (2015) . While both methods use the same input physics (including a solar-calibrated mixing length parameter, α), the ASTFIT method uses models calculated with astec, whereas the BASTA uses models calculated with the Garching Stellar Evolution Code (garstec; Weiss & Schlattl 2008) . Furthermore, they differ in the asteroseismic variables that are fitted. The ASTFIT method matches individual frequencies, with surface effects corrected via a scaled function determined by frequency corrections found in the solar case, whereas the BASTA fits frequency ratios, which are relatively insensitive to surface effects (Roxburgh & Vorontsov 2003) . Both ASTFIT and BASTA have assumed a linear helium-to-metal enrichment law, ∆Y/∆Z = 1.4 on the basis of big bang nucleosythesis primordial values (Z 0 = 0.0, Y 0 = 0.248; Steigman 2010) and initial abundances from calibration of solar models. ASTFIT adopts the Grevesse & Noels (1993) solar mixture, while BASTA uses the mixture of Grevesse & Sauval (1998) .
Finally, the system was modelled using the mesa 4 (revision 7624; Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 . These stellar models used the solar mixture of Grevesse & Sauval (1998) (Iglesias & Rogers 1996) at high temperatures and from Ferguson et al. (2005) at low temperatures, and the atmospheric structure was integrated from the photosphere to an optical depth τ = 10 −4 using the standard grey Eddington atmosphere. Convection was described using the standard mixinglength theory (e.g. Böhm-Vitense 1958) without any convective overshooting or semiconvection. Gravitational settling was included according to the method of Thoul et al. (1994) . Nuclear reactions rates were drawn from tables provided by the NACRE collaboration (Angulo et al. 1999) or, when those are unavailable, the tables by Caughlan & Fowler (1988 (Kunz et al. 2002) . Oscillation mode frequencies were computed by internal calls to adipls. Model frequencies were corrected for surface effects using the two-term (or combined) correction described by Ball & Gizon (2014) .
For a given choice of mass M, initial metal abundance Z i , initial helium abundance Y i and mixing-length parameter α, mesa evolved a stellar model from a pre-main-sequence model with central temperature T c = 9 × 10 6 K and found the bestfitting age and surface correction parameters for those input parameters. Starting from an initial sample of 11 guesses from grid-based modelling, the input parameters were optimized with the Nelder-Mead algorithm (Nelder & Mead 1965) , accelerated with linear extrapolations of the observables as functions of the initial parameters. When further iterations failed to produce better-fitting parameters, new parameter guesses were randomly drawn uniformly from within the 1σ uncertainty region and these used to continue the Nelder-Mead simplex if the random guesses were better than any element of the simplex. Once the results appeared to have converged, a final simplex was run using the best-fitting model as the initial guess to ensure that it represented a true (local) minimum. Uncertainties were determined by selecting the model with smallest χ 2 , which we denote χ The modelling results are presented in Tables 2 and 3 The best-fitting mesa model of HD 176465 B has a higher mass than the model of HD 176465 A, and an initial helium mass fraction Y i significantly lower than the primordial value from standard Big Bang nucleosynthesis (Y = 0.2482 ± 0.0007; Steigman 2010). A further difference between these MESA models can be noted in the mixing-length parameter, with the values for the HD 176465 A and B models being lower and higher, respectively, than the solar-calibrated value. Calibration of the mixing length against 3D models of convection suggests that neither of these behaviours is to be expected for stars so similar to the Sun (Trampedach et al. 2014) .
A further set of MESA models run with the mixing-length parameter kept fixed at the solar-calibrated value (designated MESA2 in Tables 2 and 3 ) results in a consistent initial helium fraction for both stars and a higher mass for the primary component, as expected. However, the initial helium fraction of the best-fitting MESA2 models remain below the primordial value, which may partly explain why the masses and radii of these models are larger than those obtained with AMP, ASTFIT and BASTA. Similarly, the best-fitting AMP model of HD 176465 B has a comparable mass to the AMP model of HD 176465 A while also having a low initial helium abundance. This degeneracy between mass and helium abundance is well-known in asteroseismic modelling of solar-like oscillations (see Silva Aguirre et al. 2015) . As discussed, the ASTFIT and BASTA methods have circumvented this problem by enforcing ∆Y/∆Z = 1.4.
Significantly, although the ages of both components were not a priori constrained to be the same, all models agreed on the same age of both stars, 3.0±0.5 Gyr.
Stellar Activity
In addition to solar-like oscillations, the time series of HD 176465 also shows variation on longer time scales, indicative of spot-induced rotational modulation. The periodogram, shown in Fig. 10 , has a clear signal with a period of ∼ 18 d.
Article number, page 9 of 16 A&A proofs: manuscript no. hd176465
The light curve was analysed by several teams using a variety of methods, which have been compared by Aigrain et al. (2015) . García et al. (2014) reported a period value from the Q0-14 time series of 17.6±2.3 d. McQuillan et al. (2014) found a period of 19.2±0.8 d, although this period did not meet their significance criterion, which can be attributed to the rotational modulation not being particularly stable. This is probably due to the spots being small or short-lived, but it is possible that beating between two closely-spaced frequencies, corresponding to the rotation periods of each star, may also contribute. The periods measured by García et al. (2014) and McQuillan et al. (2014) are consistent with the values determined from the rotational splitting of nonradial modes in Sect. 4 for both stars.
Since the rotation rates of stars are known to decrease as they age, the rotation period may be used to provide an estimate of the age using suitably calibrated gyrochronology relations (Skumanich 1972; Barnes 2010; Epstein & Pinsonneault 2014) . Using the gyrochronology relation of Barnes (2010) , and using P rot = 18 ± 2 d, we find ages of 2.5 +0.6 −0.5 and 2.1 +0.5 −0.4 Gyr for the A and B components, respectively. García et al. (2014) calibrated a simpler gyrochronology relation between age and period for a sample of stars with asteroseismic ages; using this relation we find an age of 3.2
These gyrochronological ages are in good agreement with the asteroseismic ages obtained in Sect. 6. This is in contrast to the recent study by Angus et al. (2015) , who found a significant disagreement between asteroseismic and gyrochronological ages in Kepler field stars. However, van Saders et al. (2016) have explained that disagreement as being a result of weakened magnetic braking in old stars. Since the HD 176465 system is still relatively young, the standard gyrochronology relations still appear to hold. García et al. (2014) also investigated the level of photospheric magnetic activity in HD 176465. They computed the standard deviation of the time series, which has been used as a photometric magnetic activity index, denoted S ph Mathur et al. 2014) . García et al. (2014) found S ph = 248 ± 4 ppm, which is close to the value for the Sun during its maximum activity of Cycle 23, as measured from VIRGO/SPM (see Mathur et al. 2014) . Furthermore, the S ph obtained is a lower limit since the inclination angle is ∼ 50
• . Although it is difficult to distinguish between the contributions of each star, it is likely that this measurement represents a higher photospheric magnetic activity than the Sun during the last activity maximum.
Additionally, HD 176465 was amongst a sample of Kepler targets monitored for excess flux in the Ca H and K lines with the Fibre-fed Echelle Spectrograph (FIES) on the Nordic Optical Telescope by Karoff et al. (2013) , although it was dropped from their analysis due to its binary nature. Excess flux in the cores of these lines arises from magnetic sources (see Schrijver et al. 1989) . Analysing these FIES spectra following the methods of Karoff et al. (2013) , we find the excess flux to be ∆F Ca = 6.02 ± 0.28, from which we derive the Mount Wilson S index, 0.170 ± 0.003. As for the photometric measurement of activity, both of these values reflect a relatively high activity level.
Conclusions
Situated at only 49.6 ± 1.8 pc, the HD 176465 binary system is sufficiently bright to reveal solar-like oscillations in both components. Only four other systems, namely α Cen, 16 Cyg, HD 177412, and HD 176071, are known to share this property. With both stars having solar-like oscillations with ν max ≈ 3500 µHz and ∆ν ≈ 150 µHz, and with an effective temperature of ≈ 5700 K, the system is comprised of two similar solar analogues.
Detailed modelling of the power spectrum has enabled us to extract the frequencies, linewidths and heights of 45 modes for HD 176465 A, and 25 modes for HD 176465 B, up to an angular degree of l = 2 and with a statistical significance greater than 75%.
The rotational splittings of the non-radial modes reveal both stars to have a similar rotation period of ∼ 18 d and inclination of ∼ 50
• . This rotation period is in agreement with that determined from the rotational modulation caused by the presence of starspots. Gyrochronology relations imply an age of ∼ 3 Gyr.
Precise estimates for the fundamental stellar parameters have been derived through detailed modelling of both stars. The four methods used to model these stars agree on the stellar properties in almost all cases. The masses of the stars are M A = 0.95 ± 0.02 M and M B = 0.93 ± 0.01 M , and their radii are R A = 0.93 ± 0.01 R and R B = 0.89 ± 0.01 R . From the modelling, the ages of both stars are found to be 3.0 ± 0.5 Gyrs, in agreement with the gyrochronological value, and consistent with a synchronous formation.
While main-sequence systems such as this are rare, they provide important tests of stellar structure and evolution, and of asteroseismology. Miglio et al. (2014) predicted there should be more such systems amongst the many red giants observed by Kepler. The absence in the literature of systems with clear oscillations in two red giants is possibly a consequence of the difficulty in recognising the typical pattern of solar-like oscillations when modes overlap in frequency. While the overlapping modes of HD 176465 have presented a (thus far) unique challenge in determining mode parameters, overlapping modes of red giants, with their many mixed l = 1 modes, will present a far greater challenge. Despite these challenges, such systems will provide further tests of stellar structure and evolution when they are found, just as systems with a single oscillating red giant have already (e.g. Hekker et al. 2010b; Frandsen et al. 2013; Gaulme et al. 2013 Gaulme et al. , 2014 Beck et al. 2014; Rawls et al. 2016) . With the future missions TESS (Ricker et al. 2015; Campante et al. 2016) and PLATO (Rauer et al. 2014) to provide asteroseismic data for many more systems, there will be good opportunities to find more such asteroseismic binary systems. 
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